We analyzed 12 individual codons, which differed widely with respect to the frequency of use in Escheyichia coli and the abundance of the corresponding tRNAs, for their influence on the coupling between transcription and translation. This was probed by determining the effects of codon substitutions in the leader peptide gene on transcription past the pyrE attenuator, as described previously by Bonekamp et al. (F. Bonekamp, H. D. Andersen, T. Christensen, and K. F. Jensen, Nucleic Acids Res. 13: [4113][4114][4115][4116][4117][4118][4119][4120][4121][4122][4123] 1985). In principle, the results revealed that either RNA polymerase or the (leading) ribosomes pass the different codon strings at different rates. However, under the assumption that the rate of transcription elongation is unaffected by the sequence changes, the results may be interpreted as indicating that different codons are translated at different rates and that these rates do not generally reflect the concentrations of the corresponding tRNAs or the frequencies with which the codons are used in E. coli. Moreover, it seems that codon synonyms that are served by the same isoaccepting tRNA species can deviate as much from each other in translational behavior as synonymous codons that are served by isoacceptors present in the cell in widely different amounts can.
We analyzed 12 individual codons, which differed widely with respect to the frequency of use in Escheyichia coli and the abundance of the corresponding tRNAs, for their influence on the coupling between transcription and translation. This was probed by determining the effects of codon substitutions in the leader peptide gene on transcription past the pyrE attenuator, as described previously by Bonekamp et al. (F. Bonekamp, H. D. Andersen, T. Christensen, and K. F. Jensen, Nucleic Acids Res. 13:4113-4123, 1985) . In principle, the results revealed that either RNA polymerase or the (leading) ribosomes pass the different codon strings at different rates. However, under the assumption that the rate of transcription elongation is unaffected by the sequence changes, the results may be interpreted as indicating that different codons are translated at different rates and that these rates do not generally reflect the concentrations of the corresponding tRNAs or the frequencies with which the codons are used in E. coli. Moreover, it seems that codon synonyms that are served by the same isoaccepting tRNA species can deviate as much from each other in translational behavior as synonymous codons that are served by isoacceptors present in the cell in widely different amounts can.
A bulk of DNA sequence data has become available for statistical analysis of codon usage in various organisms. It appears that different genome types use distinct coding strategies and that genes of the same organism vary in their codon bias, depending on the level of expression (12, 13) . Furthermore, extensive correlations between codon usage and tRNA content were found for all organisms and was most pronounced for highly expressed genes (3, 8, 11, 15-17, 21, 22, 26) . These correlations have proven to be so strong that they are used to detect coding regions in the DNA (10, 27) , to predict the levels of protein production from genes (14, 25) , and in attempts to predict what codons are optimal for the translation system of the organism (16, 17) . However, there has not been reported experimental data which allow a direct comparison of the translation kinetics of individual codons in vivo, neither for synonymous codons nor for codons specifying the incorporation of different amino acids.
Here we describe the effect on transcription termination of the cloning of different codons (each in a block of three) in the artificial leader peptide gene in front of the pyrE attenuator (see Fig. 1 ). The rationale behind this type of experimentation is that the translation rate at the different codons is mirrored in the frequency of transcription past the attenuator, since the attenuation frequency is dictated by the coupling between transcription and translation (5, 18, 23) . Thus, it should be possible to obtain experimental evidence for qualitative rate differences in the translation kinetics at single codons and to evaluate, on an experimental basis, whether codon frequencies and relative tRNA concentrations are related to the translation rates at the codons.
We have previously used the system to study the CGT and AGG synonyms for arginine (4, 6) . In this study the analysis was expanded to include 10 more codons. These were the three codons for isoleucine (ATA, ATT, and ATC), among which ATA is very seldomly used; the single tryptophan codon (TGG); the histidine codons (CAT and CAC); and the cysteine codons (TGT and TGC), which represent examples of codon families served by the same tRNA. Finally, we used the most rare (CTA) and the most abundant (CTG) of the six leucine codons. Strains and plasmids. The host strain S01804 is a rpsL+ derivative of S01256 [araD139 A(lac)U169 thi rpsL pyrB], the constrution of which has been reported previously (19) . Introduction of the rpsL+ allele was performed by successive transductions as described previously (18) . NF1830 is a recA derivative of MC1000 containing the episome F' lacIq'Z::Tn.5 The construction of the vector pKCL107 was described by Bonekamp et al. (5) .
MATERIALS AND METHODS
Plasmid constructions. The procedure for the substitution of codons in the leader region of the pyrE attenuator has been described previously (4) . Thus, a 20-mer and a 12-mer of synthetic oligonucleotides were hybridized to form a double-stranded DNA fragment with EcoRI and PstI overhangs (see Fig. 1 ) which was ligated to the EcoRI-PstI-cut plasmid pKCL107 (4) and, subsequently, transformed into E. coli S01804 (pyrB) by selecting for ampicillin resistance. The plasmids pCU201 to pCU256 were isolated from the transformants and controlled by nucleotide sequence determinations (24) from the lacZ start site and across the pyrE attenuator by using a 32P-labeled sequence primer. The episome F' lacIq Z::Tn.5 was introduced in the plasmidbearing strains by conjugation with NF1830 as described by Miller (20) . Other procedures. For the physiological experiments, glucose-salt minimal medium was supplemented with thiamine, Casamino Acids (Difco Laboratories, Detroit, Mich.), ampicillin, and kanamycin. The growth conditions, induction of the lac promoter with IPTG, sampling, and assay procedures have all been described previously (5) .
RESULTS
Experimental setup and background. The 12 codons studied here differed widely with respect to their frequency of use in E. coli and the abundance of their corresponding tRNAs (Table 1) . They were tested for their effects on transcription past the pyrE attenuator after introduction, three in tandem, at a fixed position in the leader sequence of the artificial operon (Fig. 1) . The operon was expressed from the lac promoter, and initiation of transcription depended on the addition of the lac operon inducer IPTG to the culture, since the host cells carried the F' lacIq'Z::Tn5 episome.
Transcription termination at the pyrE attenuator, in the intercistronic region between the leader and the pyrE'-'lacZ fusion, is regulated by the coupling between transcription and translation in the leader sequence (4, 5, 23) chain elongation by feeding either uracil or UMP as the pyrimidine source (5) .
The presence of uracil gives a normal UTP pool and a normal rate of RNA polymerase movement. This growth condition was used to compare the levels of ,B-galactosidase synthesis from the various codon plasmids. The rationale was that the codons in the test position influence the gap between RNA polymerase and the first ribosome, provided that they are translated with different kinetics. Thus, the codons were expected to promote mRNA chain termination at the attenuator if they were slowly translated and to reduce mRNA chain termination if they were quickly translated.
The UTP pool became low when UMP was applied as the pyrimidine source, and the rate of RNA polymerase movement was reduced to such an extent that the coupled ribosomes were able to promote nearly 100% transcriptional readthrough past the pyrE attenuator, even with three of the very rare AGG arginine codons in the test position (6, 23) . Thus, all effects that arose from translational rate differences at the codons were expected to vanish in cells grown with UMP. Measurements of P-galactosidase synthesis under this growth condition were therefore carried out as a control experiment for each codon string. When this level was found to be significantly (i.e., .30%) different from the average, possibilities other than translational rate differences at the codons were considered as explanations for the results. The alternatives included differences in mRNA stability, ribosomal drop-off, and frameshifting at the codons, since it is difficult to imagine how the effect of such phenomena on transcription past the attenuator could be relieved by slowing down RNA polymerase movement. There was also the possibility that differences in the coupling between transcription and translation could arise, not because the codons were translated at different rates but because RNA polymerase elongated the mRNA chains at different rates past the tested codon. Although this alternative interpretation of the results cannot strictly be ruled out, we regard it as unlikely, since some of the codon strings (for instance, CGT, CTG, and TGC) had the same DNA base composition but caused very different expression levels in uracil-grown cells.
None of the cloned fragments ( Fig. 1 ) was symmetric in design or seemed to contain sequences that were able to interfere with the folding of the attenuator hairpin by direct base-pairing to this structure.
Codon effects on attenuation. The differential rates of ,B-galactosidase synthesis from the plasmids with different codons (pCU201 to pCU256) in uracil-grown cells are shown in Fig. 2A to D and Fig. 3 . The data are summarized in Table  2 , which also shows the ,-galactosidase levels observed with cells grown in UMP.
The constructions pCU201 to pCU256 (Table 2) , which carried the different codon strings (Table 1) , deviated as much as 7-to 10-fold from each other with regard to the level of 3-galactosidase synthesis in uracil-grown cells. On the other hand, in UMP-grown cells, all the plasmids except pCU240, which contained three tryptophan codons in the leader sequence, gave levels of ,-galactosidase which deviated less than 30% from those seen with the major arginine codon CGT. Hence, for these codons we interpret the variations in the transcription past the pyrE attenuator in the uracil-grown cells as being caused by codon-specific rates of ribosomal movement past the test position. Thus, the following features emerge from inspection of the data in Table  2 . (i) There are pronounced effects of the codon choice in the leader peptide gene on transcriptional readthrough past the pyrE attenuator. Thus, different codons seem to be translated at different rates. (ii) The cloning in the leader region of some infrequently used codons served by minor tRNA species causes high levels of mRNA chain termination (AGG, CTA, and TGC), whereas the cloning of other codons The values obtained for the arginine codon CGT (i.e., 70 U/(ml x optical density at 436 nm) in the uracil-containing medium and 291 U/(ml x optical density at 436 nm) in the UMP-grown cells) were normalized at 1.0.
c The regulation fold is the j-galactosidase level with UMP divided by the ,B-galactosidase level with uracil. (ATA and TGT) does not. The same general-picture was seen for the frequently used codons served by tRNAs that were present in moderate or high concentrations. Some of these (i.e., CGT, ATT, and CAC) allowed a high level of transcription past the attenuator, while CAT did not.
In general, these observations indicate that the operation speed of the ribosome is codon dependent, but that there is no simple correlation between the rates and the concentrations of the corresponding tRNAs or, for that matter, the frequencies with which the codons are used in E. coli.
The construction pCU240, which carried three TGG codons for tryptophan in the pyrE leader sequence, behaved differently from the rest of the plasmids with different codons (Fig. 3 and Table 2 ). Thus, when uracil was used as the pyrimidine source, the differential rate of ,B-galactosidase synthesis from plasmid pCU240 was three-to fourfold lower than that for plasmid pCU201, which contained three CGT codons for arginine. However, a similar decrease in the level of 3-galactosidase synthesis was seen when UMP was applied. Therefore, ribosome drop-off, translational frameshifting, or mRNA instability could perhaps account for the behavior of plasmid pCU240 with the tryptophan codon.
DISCUSSION
The results presented here leave little doubt that the codon choice can influence the coupling between transcription and translation during gene expression and that this may interfere with transcription whenever critical codons are positioned in front of a transcription terminator. In our experimental system, the codons proved to affect the frequency of transcription termination at the pyrE attenuator. However, the phenomenon may be far more general, since many genes are known to expose ([rho]-dependent) transcription terminators when the translational reading frame is broken (1).
Thus, codon-dependent variations in the coupling between transcription and translation could prove to be important for gene expressivity by affecting the polarity of transcription.
Apart from the tryptophan codon (see below), the codon effects on transcription past the pyrE attenuator are most readily explained by assuming that either RNA polymerase or the ribosomes pass the various codon strings at different rates. This is because such kinetic differences are most easily reconciled with the observation that the codon effects disappear when the speed of mRNA chain elongation is reduced by lowering the intracellular UTP concentration. As outlined above, we regard the first alternative as the more unlikely one, and therefore, the results can be interpreted to indicate the following.
(i) Different codons are translated at different rates.
(ii) Codons served by minor tRNA species, such as the UGU codon for cysteine and the AUA codon for isoleucine, can be translated as rapidly as abundant tRNA codons, like the CGU codon for arginine and the AUU and AUC codons for isoleucine. They can be translated even faster than the major leucine codon (CUG), which is the most frequently used of all codons in E. coli. In contrast, the CAU codon for histidine, which is not avoided in highly expressed mRNAs and is served by a tRNA that is present at a moderate concentration, turned out to be translated as slowly as the minor tRNA codon (CUA), showing that the tRNA concentration is not correlated with the rate of translation in a simple manner.
(iii) For some groups of synonymous codons (CGU and AGG; CUG and CUA), the estimated translation rate differences agreed with the predictions made from the statistically observed codon bias and from the relative tRNA abundances (15) (16) (17) . However, for the isoleucine codon family, there is a discrepancy since the minor synonym AUA appears to be translated as rapidly as the two major synonyms AUU and AUC, while the codon AUA is predicted to operate slowly by criteria involving statistical observations and tRNA availability (15) (16) (17) .
(iv) Codon synonyms, which use the same isoaccepting tRNA species, in this case, the histidine codons CAU and CAC and the cysteine codons UGU and UGC, may deviate as much from each other with respect to their translation rates as synonymous codons served by tRNAs that are present in entirely different amounts in the cells. This indicates that codon-anticodon interactions at the ribosome A site are as important for the translation rate as differences in tRNA concentration are.
The UGG codons for tryptophan (pCU240) constituted an exception, since the use of UMP as the pyrimidine source did not reestablish transcription past the pyrE attenuator fully. This indicates that transcription and translation could not be recoupled with this codon, even when RNA polymerase moved slowly. Therefore, the possibility exists that the inserted codon string in pCU240 reduced the half-life of the mRNA chain. However, it is also possible that the UGG codons caused the ribosomes to drop off, since the normal Trp-tRNATrI can act as a suppressor of the UGA stop codon (9) because it competes with the release factor RF2 (7). Therefore, it seems plausible that these two factors, TrptRNATIP and RF2, may compete with each other at the tryptophan codon as well and, thereby, make this a partial stop codon. However, the reality of this interpretation must await results of further experimentation. 
